Endogenous retroviruses (ERVs) represent ancestral sequences of modern retroviruses or their extinct relatives. The majority of ERVs cluster alongside exogenous retroviruses into two main groups based on phylogenetic analyses of the reverse transcriptase (RT) enzyme. Class I includes gammaretroviruses, and class II includes lentiviruses and alpha-, beta-, and deltaretroviruses. However, analyses of the transmembrane subunit (TM) of the envelope glycoprotein (env) gene result in a different topology for some retroviruses, suggesting recombination events in which heterologous env sequences have been acquired. We previously demonstrated that the TM sequences of five of the six genera of orthoretroviruses can be divided into three types, each of which infects a distinct set of vertebrate classes. Moreover, these classes do not always overlap the host range of the associated RT classes. Thus, recombination resulting in acquisition of a heterologous env gene could in theory facilitate cross-species transmissions across vertebrate classes, for example, from mammals to reptiles. Here we characterized a family of class II avian ERVs, "TgERV-F," that acquired a mammalian gammaretroviral env sequence. Although TgERV-F clusters near a sister clade to alpharetroviruses, its genome also has some features of betaretroviruses. We offer evidence that this unusual recombinant has circulated among several avian orders and may still have infectious members. In addition to documenting the infection of a nongalliform avian species by a mammalian retrovirus, TgERV-F also underscores the importance of env sequences in reconstructing phylogenies and supports a possible role for env swapping in allowing cross-species transmissions across wide taxonomic distances.
R
etroviruses are nearly unique in having left an abundance of "fossilized" viral sequences in the genomes of vertebrate species. Such sequences are known as endogenous retroviruses (ERVs) and are thought to be the outcomes of germ cell infections by ancient retroviruses. Previous analysis of the ERV "fossil record" had suggested that transmission of retroviruses between vertebrate classes has been rare (1) . However, the addition of genomic sequences from an increasing number of nonmammalian species to the publicly available databases allows a greater breadth of ERV sampling, offering fresh insights into the dynamics of cross-species transmission events. In particular, the sequencing of the zebra finch genome (Passeriformes order) (2) , along with the ever growing amount of genomic sequence from birds available in the databases, provides a glimpse into the evolutionary dynamics of avian retroviruses within the context of the highly speciated clade of neoaves (modern birds). Although the zebra finch genome, like that of the chicken, carries a much lower mobile element content than mammalian genomes (ϳ8%, compared to ϳ45% for mammals), zebra finches have approximately three times the number of ERV-related sequences as chickens, a percentage comparable to that of humans (3) .
The ability of a virus to replicate in a given host is subject to the interplay of various cellular and viral factors. However, the first step in infection is successfully mediating entry into the target cell. The envelope glycoprotein (Env) at the surface of a virion is a primary determinant of access and thus of host range, allowing entry into cells that express receptors recognized by it. Retroviral Env proteins consist of two subunits, SU (the surface-exposed, receptor binding subunit) and TM (the transmembrane fusion subunit). While SU is the most variable region of the genome, TM is highly conserved and can be aligned across a wide variety of retroviruses (4) . The majority of retroviral envelope glycoproteins can be divided into those with Env subunits that are covalently associated (gamma-type) and those with noncovalently associated subunits (beta-type), and the two groups can be readily distinguished by sequence motifs in TM (5, 6) (Fig. 1) . A variant of the covalent, gamma-type Env is that of alpharetroviruses, which has an internal fusion peptide flanked by a pair of cysteines.
We previously performed an exhaustive survey of TM sequences from the genomes of 78 vertebrate species and found distinct host range patterns for covalent (gamma-type) and noncovalent (beta-type) endogenous retroviral sequences (Fig. 1) . Sequences representing the noncovalent Env type (typical of betaretroviruses and lentiviruses) were found only in mammals, while covalent type sequences (typical of gammaretroviruses) were found among species representing five vertebrate classes (5) .
Retroviruses are most commonly analyzed according to phylogenetic relationships of the highly conserved reverse transcriptase (RT) region of pol (7) (8) (9) (10) (11) , rather than env. In phylogenetic analyses of the RT region, ERVs cluster into three broad classes that include the known exogenous retroviruses: class I includes gamma-and epsilonretroviruses; class II, beta-, delta-, and alpharetroviruses and lentiviruses; and class III, spumaretroviruses (10) .
A confounding factor in classifying ERVs is that pol and env can have separate evolutionary histories. Class II retroviruses, in particular, can be found with any of the three described Env protein types (6) . The Betaretrovirus genus, for example, is split between members having a beta-type (noncovalent) Env protein and those having a gamma-type (covalent) Env protein. The first group includes mouse mammary tumor virus (MMTV), Jaagsiekte sheep retrovirus (JSRV), enzootic nasal tumor virus (ENTV), and the human ERV-K(HML-2) group, as well as many betaretroviruslike ERVs. The second group includes the type D betaretroviruses, typified by Mason-Pfizer monkey virus (MPMV), which resulted from a recombination event in which an ancestral retrovirus acquired a gammaretroviral envelope gene (12) . The recombinant origin of the latter group is reflected in incongruent topologies between phylogenetic trees based on pol and those based on TM (4). Thus, while pol sequences from both groups of betaretroviruses cluster together, TM sequences from the group that includes the type D betaretroviruses cluster with gammaretroviral sequences. Incongruent topologies also characterize deltaretroviruses and alpharetroviruses, implying recombinant origins for these class II genera as well (4) . In contrast, pol and TM clustering is congruent in the case of the MMTV-containing group of betaretroviruses and the lentiviruses, suggesting that beta-type env (noncovalent) is the "natural" type for class II retroviruses.
The best-characterized class II retroviruses associated with birds are members of the Alpharetrovirus genus, typified by avian leukosis virus (ALV), found in the genomes of galliform birds. Interestingly, previous research focusing on pol sequences has shown that class II ERVs are found in the genomes of numerous additional avian species and moreover that many of these sequences cluster outside the Alpharetrovirus genus (8, 13) . Since beta-type env sequences have been found only in mammalian genomes, this raises the question of which env types associate with avian class II ERVs, particularly those ERVs that do not belong to the Alpharetrovirus genus.
Here we describe a group of class II ERVs in the genome of zebra finches that forms a clade separate from that for alpharetroviruses. These elements display an intriguing mix of betaretroviral and alpharetroviral features and have acquired a gammaretroviral env sequence that is typical of mammals, suggesting an interclass transmission event. Moreover, the presence of highly similar sequences in the genomes of representatives of several additional avian species suggests that, despite the challenges a virus must overcome in order to adapt to a species of another class, this unusual recombinant was able to circulate among various avian species.
MATERIALS AND METHODS
Data mining. Build 1.1 of the Taeniopygia guttata (zebra finch) genome, as well as sequence data for bird species in the National Center for Biotechnology Information (NCBI) databases, was screened for class II ERVs using as query sequences class II RT regions from a variety of retroviruses, employing the tBLASTn algorithm (14) . Reading frames for putative pol sequences were examined for the presence of the typical class II YMDD motif (11, 13) and confirmed by their recovery of previously characterized class II retroviral pol genes when used as BLAST queries themselves. Regions downstream from the pol genes were translated in all three reading frames and examined by eye for sequences typical of retroviral envelope glycoproteins. Putative env sequences were confirmed by their recovery of known retroviral env genes in BLAST searches. Flanking long terminal repeats (LTRs) were discerned by constructing DNA self-matrices with a 12-to 15-kb window centered on the identified pol and env regions, in the DNA Strider program, and examining any flanking repeated regions for the canonical features of LTRs. Putative gag and pro sequences were confirmed in the same manner as for pol and env sequences. The TgERV-F consensus sequence was assembled based on alignments made in ClustalW from full-length sequences, using the Consensus program (coot.embl.de/Alignment/consensus).
FIG 1
Envelope types found among the Orthoretroviridae. For each type, the TM domain is depicted, along with its distribution among vertebrate classes and retroviral genera. fp, fusion peptide; hr1 and hr2, heptad repeats 1 and 2; ISD, immunosuppressive domain; ct, cytoplasmic tail. "C------C" and "C------CC" represent the two-and three-cysteine motifs of beta-type and gamma-type envelopes, respectively. Sequence analysis. Sequences extracted from the in silico searches were translated in all three reading frames and compared to amino acid alignments of previously characterized, published sequences to reconstruct putative open reading frames (ORFs). Multiple alignments of the adjusted sequences were then performed using the ClustalW program (15) in MEGA 4.0 (16) or GENEIOUS v. 6.0.4 (Biomatters, Auckland, New Zealand). Alignments of the RT region of pol spanned 295 amino acids and included the conserved motifs characterized by Xiong and Eickbush (17) . Alignments of TM sequences of env always included the cysteine region and spanned 150 to 200 amino acids, excluding the cytoplasmic domain, which can vary widely in sequence even within genera (4) .
Phylogenetic analysis. Analyses using the neighbor-joining method (18) and determination of average pairwise genetic distances were performed in MEGA4.0 and GENEIOUS v. 6.0.4, using the ClustalW algorithm. As ERV sequences often represent degraded, repetitive elements that contain many indels, positions containing missing data or alignment gaps were eliminated in a pairwise manner only, using the p-distance model, instead of by the standard means of stripping from the analysis all regions containing one or more gaps. Bootstrap values, when indicated, were inferred from 1,000 replicates.
RESULTS
In order to investigate the types of env genes associated with class II avian ERVs, we screened avian genomic sequences in the NCBI databases for class II RT sequences, using RT regions from a variety of class II retroviruses as query sequences. We then examined the region downstream from all RT hits for the presence of env genes and found an element in the genome of Taeniopygia guttata (zebra finch, Passeriform order) that was associated with a gammaretroviral env sequence. Using this pol-env sequence as a query to screen the zebra finch genome, we were able to recover 14 nearfull-length proviruses flanked by LTRs in the genome, each having distinct pairs of matching target site duplications (TSDs) and thus representing unique insertions ( Table 1) . Nine of the sequences were found in build 1.1 of the zebra finch genome, while the remaining five sequences were found in a screen of the highthroughput genomic sequence (htgs) database. The sequences exhibited 95% identity at the nucleotide level (as measured by average pairwise distance) across the env gene, 91% across the pol gene, and 86% across the gag gene, which is the least conserved gene among the 14 sequences. We then generated a consensus provirus (see Fig. S1 in the supplemental material) from an alignment of the 14 sequences.
A search of the whole-genome shotgun (wgs) database of the NCBI confirmed the presence of contiguous pol and env sequences with high similarity to the zebra finch sequences in the genomes of three additional passerine species: the white-throated sparrow (Zonotrichia albicollis), the ground tit (Pseudopodoces humilis), and the medium ground finch (Geospiza fortis) (see Table S1 in the supplemental material). However, due to the short sequence length and incomplete genome coverage of the wgs database entries, we were unable to confirm any full-length proviruses in these species. Interestingly, no related sequences were found in galliform species.
Features of the proviral genome and predicted proteins. A schematic of the consensus proviral sequence is shown in Fig. 2 . The TSDs are 6 bp in length, in keeping with the integration mechanics of alpharetroviruses but not gammaretroviruses, which typically produce 4-bp TSDs (19) (20) (21) . The length of the provirus is 8.16 kb, with the canonical CA dinucleotides at each 3= end of the LTRs. The LTRs are 356 nucleotides (nt) in length. Only two of the elements contain a predicted promoter region with a canonical TATAA sequence, while this region is missing in the other proviruses. However, all of the proviruses contain a polyadenylation signal near the 3= end of the R region. Four nucleotides downstream of the 5= LTR is the primer binding site (PBS), consisting of a 17-nt region that is complementary to a portion of tRNA Phe , prompting us to name the element TgERV-F. Just upstream of the start of the 3= LTR is a 14-nt polypurine tract (ppt).
The predicted Gag-coding region is 2.3 kb, and like Gag of alpharetroviruses (22) , the protein lacks a myristylation signal at the N terminus. The matrix (MA) domain, at the N terminus of Gag, is followed by a proline-rich region (PRR) that contains a PPPY motif characteristic of L domains, which are regions that contribute to virus budding, possibly by interaction with the ESCRT machinery of the cell, as in HIV-1 (23) . The position of the L domain at the C terminus of MA is common to members of the Alpha-, Beta-, and Gammaretrovirus genera, while in lentiviruses, it is found at the C terminus of Gag (24) . Further downstream are the capsid (CA) and nucleocapsid (NC) domains. The NC domain contains two zinc finger (ZF) RNA binding domains with typical C-C-H-C motifs (25) . The presence of two ZF domains is typical of beta-and alpharetroviruses but not gammaretroviruses, most of which have only one ZF domain in Gag (11) . Immediately downstream of the second ZF domain is a second PRR of ϳ95 amino acids that has no recognizable protein domains or similarity to any known protein. At the end of the PRR is a stretch of adenosine residues that likely serves as a frameshift site, leading into the protease gene (pro). Notably, the predicted protease (PR)-coding region of TgERV-F is in a separate reading frame from both Gag and Pol, akin to the genome organization of betaretroviruses. Furthermore, the catalytic domain of PR is DTG, as in betaretroviruses, rather than the typical alpharetroviral catalytic domain, DSG. However, whereas betaretroviral PR carries a dUTPase at its N terminus, PR of TgERV-F lacks a discernible dUTPase. At the end of the PR reading frame is another stretch of adenosines and thymines that likely serves as a frameshift site leading into the pol gene.
The Pol-coding region of TgERV-F is ϳ2.6 kb, and the predicted protein product contains the usual conserved regions of reverse transcriptase (17) , an RNase H domain, and an integrase domain. The RT catalytic site (YMDD) is typical of class II ERVs (11, 13) . The integrase region has a Zn binding domain, a catalytic domain, and a DNA binding domain.
While the predicted TgERV-F Pol protein has features of a class II ERV, the predicted Env protein is typical of mammalian gammaretroviral (class I) Env. The SU domain includes a CWLC motif, which has been shown in murine leukemia virus (MLV) to isomerize the intersubunit disulfide bond after binding of the receptor (26) . The basic amino acid-rich furin recognition and cleavage site separating the SU and TM domains is unusual (RLHKR) but highly conserved among the 14 proviruses. The fusion peptide of TgERV-F is located at the N terminus of the TM subunit, whereas in alpharetroviral Env, it is located internally and flanked by cysteines (Fig. 1 ). There is a conserved immunosuppressive domain (ISD) and a CX 6 CC motif, typical of gammaretroviral and alpharetroviral, but not betaretroviral, TM proteins (4, 5) .
Age of TgERV-F. None of the TgERV-F elements has ORFs across all coding regions (Table 1) ; however, each of the genes (gag, pro, pol, and env) has an intact ORF in at least one provirus. Four of the 12 proviruses are nearly intact, with only one of the four reading frames disrupted. env is the best conserved of the coding regions, with eight of 14 TgERV-F proviruses having an ORF across this entire region. The Pol-coding region is intact in three of the proviruses. The most frequently mutated coding region is that of the gag gene, and only one provirus has an intact ORF across this region. The pro gene has an intact ORF in all but one provirus, but this is the shortest coding region, consisting of 342 nt.
Since the mechanism of reverse transcription ensures that LTRs are identical at the time of integration, a rough estimate of the time of insertion can be made by applying the neutral rate of substitution to the number of differences between the 5= and 3= LTRs (27) . Among the 14 full-length TgERV-F proviruses, LTR pairs differ by zero to six nucleotides (of 356). Applying an estimated neutral substitution rate for the bird genome of 2 ϫ 10 Ϫ9 and 3.9 ϫ 10 Ϫ9 substitutions per site per million years (28) gives an estimated integration time of two to four million years ago for the oldest of the 14 TgERV-F proviruses (Table 1) . Interestingly, three of the proviruses have LTR pairs that are identical or differ by only one mutation, implying integration into the germ line in the recent past. Thus, TgERV-F has likely been active in the population for at least several million years, with possible ongoing activity. However, our search also uncovered numerous degraded TgERV-F sequences without intact LTRs, suggesting a longer period of activity in the zebra finch genome.
LTR pairs frequently undergo recombination events in which the coding region is deleted, resulting in a single "solo-LTR." We found approximately 260 solo-LTR sequences matching TgERV-F in the sequenced genome, a ratio (ca. 18.5) that is consistent with that seen in various other ERV families, where solo-LTRs outnumber their full-length ancestors by 10 to 100 (39), with evidence for more recently integrated families having a ratio at the lower end of the range (30) .
Phylogenetic analysis of TgERV-F. In a previous study of class II retroviruses among avian species, a region of ϳ801 nt spanning part of the pro gene and a portion of the reverse transcriptase (RT) region of the pol gene was PCR amplified from 38 taxa of birds (13) . Phylogenetic analysis of the aligned sequences produced a tree that suggested the existence of several uncharacterized avian retroviral lineages, including one that clustered as a sister clade to ALV. In order to infer the relationship of the TgERV-F group to other known class II retroviruses, we aligned the analogous regions of the TgERV-F proviruses with the previously studied sequences, along with the corresponding regions of a selection of endogenous and exogenous class II retroviruses, to produce the neighbor-joining tree shown in Fig. 3 . Despite the betaretroviruslike features of its genome structure and PR catalytic site, the propol region of TgERV-F places it firmly outside the betaretroviruses and closer to the ALV sister clade. This sister clade includes sequences isolated in the previous study from the hermit thrush (Catharus guttata) and blue tit (Parus caeruleus), both of which are members of the order Passeriformes, as well as the toucanette (order Piciformes) and the more distantly related black duck (order Anseriformes) (13) . Although the original study sampled only for RT sequences, leaving the presence of the env sequence unconfirmed, this clade also includes the sequences that we recovered from several additional passerine species, i.e., the medium ground finch (Geospiza fortis), the ground tit (Pseudopodoces humilis), and Brackets to the right identify retroviral genera. Names and accession numbers of viruses used as reference sequences are in Table S2 in the supplemental material. the white-throated sparrow (Zonotrichia albicollis), all of which were fused to env genes that were highly related to that of TgERV-F (see Table S1 in the supplemental material). The presence of TgERV-F-like proviruses in several different passerine species suggests that TgERV-F is not an artifact of inbreeding in aviaries but has circulated in the wild.
The SU region of the env gene is highly variable and unsuited to phylogenetic analyses, while the TM region is highly conserved (4) . In order to infer the relationship of the TgERV-F env gene to other gamma-type env sequences, we aligned the TM regions of TgERV-F and a panel of gammaretroviruses and alpharetroviruses. As seen in Fig. 4 , TgERV-F TM and the related passerine sequences cluster firmly with mammalian gammaretroviral sequences and separately from other known retroviruses of birds. The closest matching mammalian TM sequence found in the NCBI databases, that of the horseshoe bat, exhibited 69% identity and 88% similarity at the amino acid level. The TM sequence from reticuloendotheliosis viruses (REVs), which are recombinant gammaretroviruses that infect several species of waterfowl and game birds (31) , clusters separately from that of TgERV-F, as does TM from chicken retrovirus 1 (ChiRV1) (32), a gammaretrovirallike ERV of chickens whose TM clusters with alpharetroviral TM. Thus, neither REVs nor ChiRV1 was a contributing partner in the recombination event that produced TgERV-F.
The region encoding Gag is less conserved than that encoding either Pol or Env, but BLAST searches with TgERV-F Gag returned ALV/RSV and EAV-HP as the closest hits, in keeping with the phylogeny of pro-pol.
DISCUSSION
The zebra finch genome has revealed a percentage of ERV sequences that is three times higher than that of the chicken genome (2) . This higher load of ERVs in the zebra finch than in the chicken may be related to the intense period of speciation in the neoavian lineage (33) . The context of intense speciation makes the ERV composition of the zebra finch particularly interesting for what it can reveal about the dynamics of cross-species transmissions and its role in the formation of novel retroviral lineages.
FIG 4
TgERV-F TM clusters with gammaretrovirus sequences. A neighbor-joining tree based on an amino acid alignment of the TM-coding region and rooted on HTLV-1 is shown. TgERV-F is shown in bold. Asterisks mark species in which a TgERV-F-like pol sequence was identified in this study. The scale bar represents percent substitutions. Brackets to the right identify retroviral genera. Names and accession numbers of viruses used as reference sequences are in Table  S2 in the supplemental material.
We have described a zebra finch ERV group, TgERV-F, for which we found 14 near-full-length insertions. TgERV-F is unique in several attributes. First, it is the only known class II/gammaretroviral recombinant in an avian genome. Other such recombinants have been described in mammals, including the exogenous and endogenous primate type D betaretroviruses (e.g., MPMV) (12, 29, 34), a recently described bat ERV (35) , and endogenous intracisternal A particles (IAPs), which have recombined with gammaretroviral env, in the genomes of the shrew and guinea pig (36) . The only previously characterized class II/gammaretroviral recombinants found outside mammals are two related ERVs of pythons (PyERV) (37) . Second, TgERV-F demonstrates a unique mix of alpha-, beta-, and gammaretroviral features. It possesses betaretrovirus-like features of genome organization, such as Ϫ1 frameshifts between Gag, Pro, and Pol and a DTG active site in PR, yet like alpharetroviruses, it lacks a myristylation signal on Gag and a dUTPase, and its RT clusters more closely with alpharetroviruses than with betaretroviruses.
Of further interest is the possession by TgERV-F of a gammaretroviral env that appears of be of mammalian origin yet whose sequence does not closely match the env sequence of any of the previously characterized gammaretroviruses in birds, such as ChiRV1 and REVs, indicating a separate transmission event. Interestingly, recent work has suggested that REVs were accidentally introduced into birds during experiments with malarial parasites and so do not represent natural infections and are far too recent to be represented as avian ERVs, although related ERVs can be found in some mammals (31) .
Furthermore, while other class II recombinants involving betaretroviruses with gammaretroviral env have been described, TgERV-F is the first characterized alpharetrovirus-like element that has recombined with a gammaretroviral env. Intriguingly, env sequences that cluster with alpharetroviruses do exist in the zebra finch genome (Fig. 4 , Tg alpha), but these are found with pro-pol sequences that are more closely related to those of betaretroviruses (8) .
Lastly, phylogenetic analysis of gammaretroviral ERVs among various vertebrate classes indicates that interclass transmission is very rare (1) , in keeping with the many layers of hurdles presented by a genetically distant potential host, yet TgERV-F was apparently able to establish an ongoing, productive infection in the zebra finch genome over a span of several million years. Indeed, our analysis of LTR divergence and ORF intactness suggests that TgERV-F has been active in the zebra finch genome for at least 2 to 4 million years, and likely much longer, based on the presence of highly degraded sequences. Moreover, three TgERV-F proviruses have LTRs with zero or one mismatches between them, suggesting recent germ line infection.
Even more remarkable, given the probable mammalian origins of its env, TgERV-F has been able to circulate among various avian species. RT sequences with greater than 90% similarity to TgERV-F are found in several other passeriform (songbird) species, a piciform (woodpecker and other arboreal) species, and an anseriform (waterfowl) species. Additionally, mammalian gammaretroviral env sequences whose TMs cluster with that of TgERV-F were confirmed downstream from the RT sequences in three additional passerine species: the medium ground finch, ground tit, and white-throated sparrow. Although there are not enough data from these other species to verify if any of the insertions are or are not orthologous, Anseriformes are estimated to have diverged from Passeriformes 90 to 100 million years ago (38) , strongly suggesting that the appearance of TgERV-F in both orders represents one or more cross-species transmission events.
Based on the wider species distribution of the gamma-type than of the beta-type env (Fig. 1) (5) , acquisition of a gamma-type env could in theory afford a virus access to a new host environment, significantly different from that to which it is adapted. If the virus is able to adapt to this new environment, its evolutionary trajectory can be greatly affected, especially if it is able to circulate further among related species of the new class. TgERV-F may offer one such example of a cross-class transmission that was able to adapt and even gain access to other avian species, emphasizing the important role of env in generating novel lineages. As more avian ERVs and their env sequences become available, a fuller picture of the role of env recombination in adaptation, cross-species transmissions, and the formation of retroviral novelty will emerge.
